neutron activation analysis (NAA), 6 differential pulse anodic stripping voltammetry (DP-ASV), 7 inductively coupled plasma atomic emission spectrometry (ICP-AES), 8 and inductively coupled plasma mass spectrometry (ICP-MS), 9, 10 are used to determine Zn 2+ and Cd 2+ at trace levels in addition to various spectrophotometric methods. [11] [12] [13] [14] [15] AAS, ICP-AES, ICP-MS and NAA, though sensitive, have various inherent limitations 16, 17 besides high maintenance cost. Moreover, determination by AAS or ICP spectrometry usually requires preliminary separation/preconcentration steps.
On the other hand, photometric methods are generally non-selective and require tedious and cumbersome preseparation/preconcentration to improve the selectivity and sensitivity. [11] [12] [13] [14] [15] There is therefore an ever-increasing need for developing newer analysis methods, particularly when the analyte is present at a trace level. The use of a micellar system 18 enables measurements in an aqueous medium, thereby avoiding the extraction steps, while the first and successive derivatizations of spectral profiles 19, 20 enhance the selectivity and sensitivity of the method as closely overlapped absorption bands of the interfering ions become resolved.
This paper describes the use of derivatization of the spectral profiles for the photometric determination of trace amounts of Zn 2+ and the simultaneous determination of both Zn 2+ and Cd 2+ when present together in an aqueous medium using 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP); cetylpyridinium chloride (CPC), a cationic surfactant, is added to generate a micellar medium. The use of CPC not only lowers the deprotonation constant of 5-Br-PADAP, but also facilitates complex formation at a lower pH. An increase in the molar absorptivity of the resulting complex is also observed. The procedure has been successfully applied for the simultaneous determination of Zn 2+ and Cd 2+ in standard reference materials and complex matrices.
Experimental

Instruments
Absorption spectra were recorded on a Shimadzu spectrophotometer (Model UV-260, Japan) using 10 mm fusedsilica cells and a spectral bandwidth of 1.0 nm. Instrumental parameters, such as ∆λ, over which the derivative is obtained, the slit width, the scan speed and the response time are optimized w.r.t. a reduction of the noise level to give a wellresolved large peak and fixed position of zero crossover/isodifferential points. The optimum ∆λ for a satisfactory signal-to-noise ratio was found to be 2 and 4 nm for the firstand second-derivative modes, respectively. A digital pH-meter (Model PH 5662, ECIL, India) equipped with a combined glass electrode was used to measure the pH.
Working solutions
Stock solutions (≈0.01 M) of the metal ions were prepared by dissolving requisite amounts of ZnSO4·7H2O (BDH, England) or 3CdSO4·8H2O (Fluka, Switzerland), in acidulated distilled water. These were standardized and diluted to prepare working solutions. Then, 6.78 mg of 5-Br-PADAP (Fluka, Switzerland) was dissolved in a minimum amount of hydrochloric acid, followed by the addition of 1.5 g of cetylpyridinium chloride (E. Merck, Germany). The final volume was made to 50 mL with water. In all working solutions, the final concentrations of Zn 
Analysis of standard reference materials, biological and environmental samples
A 0.1 -0.5 g sample of the standard reference material (SRM) was mineralized in a 100 mL beaker with 10 -50 mL of conc. HCl. It was heated until the sample completely dissolved. Then, 3 -5 mL of 30% H2O2 was added, and excess peroxide was decomposed by boiling to near dryness. The residue was dissolved in a minimum volume of 2% HCl, cooled, filtered and made up to a known volume with distilled water.
Boiling with an appropriate amount of conc. nitric acid mineralized 0.1 -0.5 g of the certified sample (citrus leaves or human hair) obtained from National Institute of Environmental Studies (NIES). Heating to near dryness decomposed the excess acid. Very dilute HCl was added to dissolve the residue. The solution was cooled, filtered if necessary, and diluted to a known volume with distilled water.
Iron and aluminum, and copper ions, were masked, respectively, by adding an appropriate amount of a 2.0% solution of NaF or Na2S2O3; the later, if required to be used, was added after adjusting the pH. The final pH was readjusted before making up the volume.
Simultaneous determination of zinc and cadmium
The first-and second-order derivative spectra of two sets of solutions, one containing an increasing amount of Zn 2+ and the other containing an increasing amount of Cd
2+
, and each containing fixed amounts of 5-Br-PADAP, CPC and ammonium acetate, were recorded on the same chart paper. Calibration graphs for the determination of Zn 2+ and Cd 2+ ions were prepared by measuring the derivative amplitude (in mm) at isodifferential (zero cross-over) points of cadmium (H3, 566 nm, 2nd order) and zinc (H2, 554 nm, 1st order) complexes and plotted against the analyte concentration, respectively. The concentrations of Cd 2+ and Zn 2+ ions in binary mixtures and other complex materials were determined from similar plots of the derivative amplitudes at the zero cross-over points, and also with reference to the calibration graphs.
Results and Discussion
The 5-Br-PADAP as well as its Zn 2+ and Cd 2+ complexes are insoluble in water. The surfactants, cetylpyridinium chloride, CPC and cetyltrimethylammonium bromide, CTAMB (both cationic), Triton X-100 (neutral), and sodiumlauryl sulfate, SLS (anionic) solubilize the ligand and its complexes by micelle formation in the aqueous phase.
The effect of the presence of cationic, neutral and anionic surfactants on the absorbance of 5-Br-PADAP complexes with Zn 2+ and Cd 2+ has been examined in the pH range of 3.0 -11.0 ( Fig. 1 ). In the presence of CPC, the two complexes show a more marked increase in the absorbance (Zn 2+ : 6.0 -8.0; Cd 2+ : 6.0 -10.0) than in the presence of a neutral or anionic surfactant. This is on account of an increase in the deprotonation of the ligand at the micellar surface. 18, 21, 22 This not only facilitates complex formation at a lower pH, but also contributes to an increase in the extinction of the complexes at λmax (Table 1) . On the other hand, a comparatively low absorbance of the complexes in the presence of Triton X-100 and SLS is due to a shift of the optimum pH of complexation to a higher pH value. 18, 23 Another factor that similarly affects the absorbance of the complexes is the bathochromic shift of the absorption spectrum of the ligand along with an increase in the pH above 8.5.
The absorbance values and the corresponding molar absorptivities at λmax of both the Zn 2+ and Cd 2+ complexes in the presence of different surfactants are given in Table 1 . An enhancement in the εmax of the complexes occurs in the presence of CPC.
The absorbance of 5-Br-PADAP and its Zn 2+ complex in the presence of CPC is a function of the pH of the solution in the pH range of 1.5 -11.5. The normal absorption spectrum of the Zn 2+ complex shows two peaks at 554 and 528 nm, whereas the free ligand has λmax at 450 nm, which shifts to 520 nm at pH ≥ 8.5. The relative increase in the absorbance at 554 nm is higher than that at 528 nm, and it also remains constant in the pH range of 6.00 -8.00. Subsequent studies were carried out at 554 nm (λmax) and at pH 6.80.
The optimum concentration of CPC was kept at 0.15% (m/w), because the ligand and the complexes exhibited a maximum and constant absorbance (∆A ≤ ±4.0%) at room temperature for at least 6 h in the 0.12 -0.20% concentration range of the surfactant. At a concentration ≥ 0.20%, a decrease in the absorbance was observed due to a decrease in the concentration of chromophores per micelle.
The complexation reaction between 5-Br-PADAP and Zn 2+ in the presence of CPC is reversible between pH 6.8 to 11.5, the range of maximum complex formation. Since turbidity appears at a temperature ≤ 15˚C, as solid micelles result in precipitation of the ligand, studies are carried out at 20 -30˚C. The metal-toligand ratio in the zinc complex, formed under the optimum conditions, as determined by Job's method of continuous variations, was found to be 1:2.
The absorbance values at 554 nm, [A]554nm, were corrected for an uncomplexed ligand using the following equation,
as the spectra were recorded against water. The corrected values, [Ac]554mn, were plotted against the ligand concentration. Here, VL and VM are the molar volumes of the ligand and the metal ion, respectively (both are equimolar), and R is the stoichiometry of the complex. A sharp increase in the corrected absorbance with an increase in the ligand-to-metal ratio up to 2 was observed, which remained practically constant up to 15. Therefore, the concentration of the reagent has been kept within the aforesaid limits, wherever possible.
Photometric characteristics of the method
The absorbance at λmax, [A]554nm and the corrected absorbance, [Ac]554nm, show linear relationships with the Zn 2+ ion concentration (µg mL -1 ). The derivative amplitude (in mm), measured either from the base line of the ligand or from the zero line up to the trough (trough depth, TD) or peak (peak height, PH), has been found proportional to the Zn 2+ ion concentration ( Table 2) . Measurements of the derivative amplitudes at 563 nm (trough) and 572 nm (peak) are of great analytical value, and are recommended for the detection and quantitative estimation of Zn 2+ in the first-or second-order derivative mode, respectively.
The molar absorptivity (ε), specific absorptivity (a), Sandell's Sensitivity (S), analytical sensitivity (SA), IUPAC detection limit (CL(k=3)) and limit of quantitation (CQ(k=10)); the latter is used to establish the lower limit of the linear dynamic range of the resulting complex (w.r.t. metal ion), as well as Beer's law range are given in Table 2 . The precision (RSD%) of the method in different modes and other analytical parameters are also given. From photometric studies of the Zn 2+ complex in various derivative modes, it is evident that the determination is more precise, beside the lower detection limit of 19.6 ng L -1 and the wider linear dynamic range (6.52 × 10 -2 -6.60 × 10 2 ng mL -1 ) in the second-derivative mode (marked a) than in the other modes ( Table 2 ). The detection limit of zinc is comparable to other sensitive and expensive methods, such as FAAS 24 (500 ng L -1 ) and ICP-MS 25 (10 ng L -1 ).
Effect of foreign ions
A systematic study was made on the effect of the presence of cations, anions, and complexing agents on the photometric estimation of Zn 2+ ions (8.80 × 10 -2 µg mL -1 ) using 5-Br-PADAP in the normal as well as derivative modes; the results are given in Table 3 . As observed in the case of other azo ligands, the presence of certain cations causes interference. This renders 5-Br-PADAP as an unselective reagent. Masking agents, except sodium fluoride for iron and aluminum, and sodium thiosulfate for copper, caused interference. A 100-fold excess of Fe 3+ and a 300-fold excess of Al 3+ could be tolerated in the presence of sodium fluoride (0.8 mL of 2.0%). The interference due to Cu 2+ ions up to 300-folds could be eliminated by using sodium thiosulfate (1.0 mL of 2.0%).
The selectivity of the method is significantly enhanced by recording the spectra in the second-derivative mode in which closely overlapped absorption profiles in the normal mode of the analyte (Zn 2+ ) and the interfering cations of Cd 2+ , Co 3+ , Cu 2+ and Hg 2+ resolved into separate peaks, troughs and cross-over points (Figs. 2a and b) . Because zinc and cadmium belong to the same periodic group, these are generally associated with each other. The spectral profiles of their complexes with 5-Br-PADAP are quite identical; their λmax differs only by 3 nm. Consequently, the presence of one in the determination of the other is bound to cause serious interference. Thus, the simultaneous determination of Zn 2+ and Cd 2+ without any prior separation is of great analytical interest. 2+ and Cd (Figs. 3a and b) showed one isodifferential point at 554 nm (H2) in first-order, and two points at 563 nm (H4) and 543 nm (H6) in the second-order. The 5-Br-PADAP-Cd 2+ complex at this pH exhibits in the first-and second-order one and two isodifferential points at 557 nm (H1), and 566 nm (H3) and 547 nm (H5), respectively (Figs. 3a and b) . From the spectra, it can be observed that the derivative amplitude of any one analyte at the isodifferential points is independent of the concentration and depends only on the concentration of the other component.
Simultaneous determination of Zn
Plots for the determination of Zn 2+ and Cd 2+ ions in real samples and binary mixtures were prepared by measuring the derivative amplitudes at H3 and H2, respectively. A linear regression analysis of the derivative amplitudes (mm) at isodifferential/or zero-cross over points on the metal ion concentration (µg mL Linear plots were obtained for Zn 2+ and Cd 2+ ion concentrations between 6.00 × 10 -2 -6.60 × 10 -1 and 2.00 × 10 -1 -1.60 µg mL -1 , respectively.
Applications
The applicability of the proposed method was validated by the analysis of certified reference materials (SRM), as well as biological and environmental samples. An aliquot of the sample solution was taken and analyzed by the procedure described above after adding a suitable masking agent. The concentrations of Zn 2+ and Cd 2+ in the sample were determined from plots of the derivative amplitudes at the isodifferential points of the Cd 2+ (H3) and Zn 2+ (H2) complexes, respectively (Figs. 4a and b) . The results of the simultaneous determination and the certified amount present in the sample are given in Table 4 .
From the results of analyses of the synthetic binary mixtures (Figs. 5a and b) given in Table 5 , it is observed that samples containing 6.00 × 10 -2 -6.60 × 10 -1 µg mL -1 of Zn 2+ and 2.00 × 10 -1 -1.60 µg mL -1 of Cd 2+ ions can be analyzed with a relative error of ≤ 1.40% and 2.65% for the two ions, respectively. In order to test the accuracy and precision of the method, six replicate measurements were carried out with standard solutions
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